THE JOURNAL OF BIOLOGICAL CHEMISTRY VOL. 285, NO. 4, pp. 2333-2339, January 22,2010
© 2010 by The American Society for Biochemistry and Molecular Biology, Inc. ~ Printed in the U.S.A.

Transforming Growth Factor 3-activated Kinase 1 (TAK1)
Kinase Adaptor, TAK1-binding Protein 2, Plays Dual Roles
in TAK1 Signaling by Recruiting Both an Activator and

an Inhibitor of TAK1 Kinase in Tumor Necrosis Factor

Signaling Pathway™

Received for publication, November 30, 2009 Published, JBC Papers in Press, December 2, 2009, DOI 10.1074/jbc.M109.090522

Peter Broglie*, Kunihiro Matsumoto®, Shizuo Akira®, David L. Brautigan/, and Jun Ninomiya-Tsuji*’

From the *Department of Environmental and Molecular Toxicology, North Carolina State University,

Raleigh, North Carolina 27695, the Department of Molecular Biology, Graduate School of Science, Nagoya University,
Nagoya 464-8602 Japan, the "Department of Host Defense, Research Institute for Microbial Diseases, Osaka University,
Osaka 565-0871, Japan, and the |Center for Cell Signaling, University of Virginia School of Medicine, Charlottesville, Virginia 22908

Transforming growth factor B-activated kinase 1 (TAK1)
kinase is an indispensable signaling intermediate in tumor
necrosis factor (TNF), interleukin 1, and Toll-like receptor sig-
naling pathways. TAK1-binding protein 2 (TAB2) and its closely
related protein, TAB3, are binding partners of TAK1 and have
previously been identified as adaptors of TAK1 that recruit
TAK1 to a TNF receptor signaling complex. TAB2 and TAB3
redundantly mediate activation of TAKI. In this study, we inves-
tigated the role of TAB2 by analyzing fibroblasts having targeted
deletion of the tab2 gene. In TAB2-deficient fibroblasts, TAK1
was associated with TAB3 and was activated following TNF
stimulation. However, TAB2-deficient fibroblasts displayed a
significantly prolonged activation of TAK1 compared with wild
type control cells. This suggests that TAB2 mediates deactiva-
tion of TAK1. We found that a TAK1-negative regulator, pro-
tein phosphatase 6 (PP6), was recruited to the TAK1 complex in
wild type but not in TAB2-deficient fibroblasts. Furthermore,
we demonstrated that both PP6 and TAB2 interacted with the
polyubiquitin chains and this interaction mediated the assembly
with TAK1. Our results indicate that TAB2 not only activates
TAK1 but also plays an essential role in the deactivation of
TAKT1 by recruiting PP6 through a polyubiquitin chain-depen-
dent mechanism.

Inflammation is an important biological process to prevent
invasion of microorganisms and stimulate wound-healing pro-
cesses. However, prolonged and dysregulated inflammation are
associated with human diseases, including inflammatory bowel
disease, psoriasis, and cancers. Inflammatory responses ideally
are transient and tightly regulated. Transforming growth factor
B-activated kinase 1 (TAK1)? is a member of the mitogen-acti-

* This work was supported, in whole or in part, by National Institutes of Health
Grant GM068812 (to J. N.-T.).

5] The on-line version of this article (available at http://www.jbc.org) contains
supplemental Figs. S1 and S2.

" To whom correspondence should be addressed: Dept. of Environmental
and Molecular Toxicology, North Carolina State University, Campus Box
7633, Raleigh, NC 27695. Tel.: 919-513-1586; E-mail: jun_tsuji@ncsu.edu.

2 The abbreviations used are: TAK1, transforming growth factor B-activated
kinase; MAPK, mitogen-activated protein kinase; IL-1, interleukin 1; TNF,

JANUARY 22, 2010-VOLUME 285-NUMBER 4

vated protein kinase (MAPK) kinase kinase family that is acti-
vated by inflammatory mediators such as interleukin-1 (IL-1),
tumor necrosis factor (TNF), and Toll-like receptor ligands (1,
2). In all of these pathways, TAK1 has shown to be an essential
intermediate that transmits the upstream signal from the
receptor complex to the downstream MAPKs and to the NF-«B
pathway (2-4). Specifically, in the TNF signaling pathway,
TAKI1 is associated with the TNF receptor complex through
TNF receptor-associated factor 2/5 (TRAF2/5) and the kinase
receptor-interacting protein 1 (RIP1) to initiate the signaling
cascade (5-7). Oligomerization of TAK1 through this complex
assembly then induces autophosphorylation of TAK1, thereby
activating TAK1. TAK1 in turn activates kinases, including
MAPK and extracellular signal-regulated kinase kinases and
IkB kinase (IKK), leading to activation of MAPKSs, including
c-Jun N-terminal kinase (JNK), p38, and NF-«B, respectively.
MAPK and NF-«B then cooperatively regulate transcription of
a number of genes that are involved in inflammation. TAK1 is
typically activated at 5-10 min after IL-1 and TNF stimulation
and is quickly inactivated within 10 —20 min (Refs. 8, 9 and this
report). This reversibility is supposed to be important for pre-
venting prolonged inflammatory responses. The mechanism of
TAKI1 activation has been studied extensively; however, the
mechanism of TAK1 inactivation is still elusive.

Serine/threonine-protein phosphatase 6 (PP6) is a member
of type 2A serine/threonine phosphatase family (10). The yeast
homologue of PP6, Sit4, is essential for the G;-S transition in
the cell cycle as well as transcription, translation, and glycogen
metabolism (11). In mammals, PP6 targets several proteins,
including IkBe (10), DNA-PK (12), and TAK1 (8). PP6 dephos-
phoryates and inactivates TAK1 following IL-1 stimulation,
which is likely to be important for preventing prolonged
inflammatory responses. We have shown that TAK1 interacts
with PP6; however, the mechanism by which PP6 is recruited to
TAK1 complexes has not been determined.

tumor necrosis factor; TRAF, TNF receptor-associated factor; RIP1, recep-
tor-interacting protein 1; IKK, I«B kinase; JNK, c-Jun N-terminal kinase; PP6,
protein phosphatase 6; TAB, TAK1-binding protein; HA, hemagglutinin;
Ub, ubiquitin; GST, glutathione S-transferase; OA, okadaic acid.
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TAB2 Role in TAK1 Signaling

TAK1-binding protein 2 (TAB2) is one of three proteins that
are constitutively bound to TAK1. TAK1-binding protein 1
(TAB1) acts as the activation subunit of the TAK1 complex,
aiding in the autophosphorylation of TAK1 (13), whereas TAB2
and the closely related protein, TAB3, are adaptors of TAK1
that facilitate the assembly of an active TAK1 complex (6, 7, 14).
TAB2 contains three conserved domains: a CUE domain that
directly binds to ubiquitin (15), a coiled-coil domain involved in
the interaction with TAK1 (14), and a zinc finger domain that is
involved in polyubiquitin binding (6). TAB2 and TAB3 bind the
polyubiquitin chain and TAK1, thereby bringing TAK1 in close
proximity to the polyubiquitinated proteins RIP1 and TRAF
and the IKK complex (5, 6, 16). Previous reports have shown
that TAB2 is not essential for IL-1 signaling pathways due to the
presence of TAB3, which can play a compensatory role (17, 18).
However, TAB2 single knock-out mice are embryonic lethal at
embryonic day 13.5 (18), indicating that TAB2 has some unique
functions that cannot be compensated by TAB3. In this study,
we examined the unique role of TAB2 by analyzing fibroblasts
having targeted deletion of the tab2 gene.

We found that, although TNF induced TAK1 activation in
TAB2-deficient fibroblasts, the TAB2 deficiency enhanced and
significantly prolonged TAKI activation following TNF stimu-
lation. We show that TAB2 acts to recruit PP6 to the TAK1
complex. We further show that TAB2-dependent engagement
of TAK1-PP6 is mediated through the polyubiquitin chain. Col-
lectively, our results indicate that TAB2 is essential for deacti-
vation of TAK1 by recruiting PP6, which is likely to be impor-
tant for preventing prolonged inflammatory responses.

EXPERIMENTAL PROCEDURES

Cell Culture—Dermis fibroblasts were isolated from
map3k7ip3°~°* (TAB2-floxed mice) and spontaneously
immortalized in culture. TAB2 knock-out fibroblasts were gen-
erated by infection of a retroviral vector expressing puromycin-
resistant gene alone (control) or puromycin-resistant gene
together with Cre recombinase (Cre). Control and TAB2-de-
leted fibroblast clones were selected by exposure to 10 ug/ml
puromycin for a period of 2—3 weeks, and individual clones
were isolated. Control puromycin-resistant clones were used as
wild type (TAB2+/+), and Cre-expressing clones were used as
TAB2-deficient (TAB2—/—) fibroblasts. Fibroblasts and 293
cells were cultured in Dulbecco’s modified Eagle’s medium with
10% bovine growth serum (Hyclone) and penicillin-streptomy-
cinat 37 °Cin 5% CO,,

Antibodies—Anti-JNK1 (FL), anti-p38 (N-20), anti-IkBa
(C-21), anti-IKK« (H-744), anti-c-Myc (9E10), and anti-NF-«B
p65 (C-20) polyclonal antibodies were purchased from Santa
Cruz Biotechnology. Anti-phospho-SAPK/JNK (Thr-183/Tyr-
185), anti-phospho-p38 (Thr-180/Tyr-182), anti-phospho-
IkBa (Ser-32), and anti-phospho-TAK1 (Thr-187) rabbit poly-
clonal antibodies (Cell Signaling) were used to detect the
phosphorylated forms of JNK, p38, IkBa, and TAKI. Anti-
FLAG M5 (Sigma), anti-HA.11 (Covance), and anti-T7 (Nova-
gen) were used for overexpression analysis. The anti-PP6
chicken polyclonal antibody was described previously (19).
Anti-TAK1, anti-TAB2, and anti-TAB3 antibodies were
described previously (2, 7, 14).
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Immunoblots—Whole cell extracts were prepared using
an extraction buffer containing 20 mm HEPES (pH 7.4), 150
mMm NaCl, 12.5 mm B-glycerophosphate, 1.5 mm MgCl,, 2 mm
EGTA, 10 mm NaF, 2 mum dithiothreitol, 1 mm Na;VO,, 1 mm
phenylmethylsulfonyl fluoride, 20 um aprotinin, 0.5% Triton
X-100. Cell extracts were resolved on SDS-PAGE and trans-
ferred to Hybond-P membranes (GE Healthcare). The mem-
branes were immunoblotted with various antibodies, and the
bound antibodies were visualized with horseradish peroxidase-
conjugated antibodies against rabbit or mouse IgG using the
ECL Western blotting system (GE Healthcare).

Immunoprecipitation and Kinase Assay—Cells were lysed
with the extraction buffer described above containing addition-
ally 20 mm iodoacetamide (Sigma) and 1% Triton X-100. 500 ug
of protein was incubated with protein G-Sepharose beads (GE
Healthcare) as well as 1 ug of the primary antibody overnight at
4. °C. The beads were washed three times with a wash buffer (20
mm HEPES (pH 7.4), 10 mm MgCl,, 0.5 Mm NaCl) and once with
a kinase buffer (10 mm HEPES (pH 7.4), 1 mwm dithiothreitol, 5
mM MgCl,). Some samples were subjected to an in vitro IKK
kinase assay as described previously (20).

Electrophoresis Mobility Shift Assay—The binding reaction
contained a ?P-radiolabeled NF-kB oligonucleotide probe
(Promega), 10 ug of cell extracts, 4% glycerol, 1 mm MgCl,, 0.5
mM EDTA, 0.5 mm dithiothreitol, 50 mm NaCl, 10 mm Tris-
HCI (pH 7.5), 500 ng of poly(dI-dC) (GE Healthcare), and 10
pg of bovine serum albumin to a final volume of 15 ul. The
reaction mixture was incubated at 25 °C for 30 min, sepa-
rated by 5% (w/v) polyacrylamide gel, and visualized by
autoradiography.

Overexpression Analysis in 293 Cells—293 cells were trans-
fected with the standard calcium chloride method. The plas-
mids for HA-tagged TAB2, T7-tagged TAK1, and Myc-tagged
ubiquitin (Myc-Ub) were described previously (14, 15, 21).
Wild type, K48R, and K63R mutant versions of ubiquitin were
gifts from Dr. Ze’ev Ronai (Burnham Institute), and FLAG-
tagged PP6 was described previously (8). The cells were lysed
with the extraction buffer described above, and 500 ug of total
protein was used for immunoprecipitation analysis.

GST-TNF Pulldown Assay—The GST-TNF (a gift from Dr.
Zhijian Chen, University of Texas, Southwestern) was isolated
from Escherichia coli bacteria cultures. The analysis of the TNF
receptor complex was performed as described previously (5).

RESULTS

Activation of MAPK and NF-«kB by TNF in TAB2-deficient
Fibroblasts—Dermis fibroblasts were isolated from TAB2-
floxed mice (18) and immortalized by a standard method.
These fibroblasts were exposed to a control or a Cre-expressing
retrovirus to delete the tab2 gene. More than 20 independent
colonies were isolated and grown in culture. We confirmed
tab2 gene deletion in clones used (Fig. 14) and performed the
following experiments using at least three independent clones.
We found that MAPK family member JNK was activated in
both control and TAB2-deficient fibroblasts following TNF
treatment; however, the activation of JNK was prolonged in
TAB2—/— cells (Fig. 1B). The IKK-NF-«B pathway was evalu-
ated by IKK kinase assay (supplemental Fig. S1), phosphory-
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FIGURE 1. MAPK and NF-xkB pathways are activated in response to TNF independently of TAB2.
A, map3k7ip37°/fiex dermis fibroblasts were infected with a control or a Cre-expressing retrovirus. More than 20
independent control or Cre-expressing clones were isolated. The expression levels of TAB2 were confirmed by
immunoblot analysis using an anti-TAB2 antibody. Representative immunoblots are shown. Anti-TAK1 immu-
noblotting was used as a loading control. Asterisk indicates a nonspecific band. B, control (TAB2+/+) and
TAB2-deficient (TAB2—/—) fibroblasts were stimulated by TNF (20 ng/ml), and JNK activation was detected by
immunoblots with anti-phospho-JNK (upper panel) and anti-JINK (lower panel). C, TAB2+/+ and TAB2—/—
fibroblasts were stimulated with TNF (20 ng/ml), and activation of NF-kB was detected by immunoblots with
anti-phospho-I«B (top panel) and anti-IkB (second panel) and an NF-«B electrophoresis mobility shift assay
(third panel). Total p65 NF-«B levels were determined by anti-p65 immunoblots. Asterisk indicates a nonspecific
band.
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FIGURE 2. TNF-induced TAK1 activation is sustained in TAB2-deficient fibroblasts. A, two independent
clones of control (TAB2+/+) and TAB2-deficient (TAB2—/—) fibroblasts were stimulated with TNF (20 ng/ml).
An activated form of TAK1 was detected by anti-phospho-TAK1 (Thr-187) immunoblotting, and the total
amount of TAK1 was determined using an anti-TAK1 antibody. Data are representative of six different clones.
Asterisks indicate nonspecific bands. B, TAB2+/+ and TAB2—/— fibroblasts were stimulated with TNF (20
ng/ml), and proteins from cell lysates were immunoprecipitated (/P) with anti-TAK1 antibody. TAB2 and TAB3
co-precipitation was analyzed using anti-TAB2 and anti-TAB3 antibodies. Anti-TAB3 was weakly cross-reacted
with TAB2. The bands indicated with asterisks are TAB2 that were reacted with anti-TAB3.

TAB2 Role in TAK1 Signaling

trol fibroblasts (data not shown).
These results are more or less con-
sistent with the early studies report-
ing that TAB2 is not essential for
TNF-induced TAK1 signaling (17).
Our results show that TAB2 is
partly involved in activation of
NE-«B but is dispensable for activa-
tion of JNK. These results suggest
that TAK1 can be activated in a
TAB2-independent manner.

Activation of TAK1 in TAB2-defi-
cient Fibroblasts—We measured
activation of TAK1 by utilizing the
phospho-site-specific TAK1 anti-
body that recognizes only the acti-
vated form of TAK1 (8). TAK1 was
quickly activated within 5 min fol-
lowing TNF treatment, and the acti-
vation was transient as shown in two
independent clones (Fig. 2A). In
contrast, we found thatin TAB2-de-
ficient fibroblasts, TAK1 was not
only activated but remained acti-
vated for up to 60 min (Fig. 24).
These data indicate that TAB2 is
dispensable for activation of TAK1
but may be important for deactiva-
tion of TAKI. It is well known that
TAB2 and TAB3 redundantly medi-
ate activation of TAK1 (6, 7, 23).
Therefore, TAB3 may be sufficient
to mediate activation of TAKI in
TAB2-deficient fibroblasts. We
examined whether TAK1 binds
TAB3 in TAB2-deficient fibro-
blasts. TAB3 was detected in TAK1
immunoprecipitates in both control
and TAB2-deficient fibroblasts (Fig.
2B). The migration of TAB3 in SDS-
PAGE was significantly slower after
TNF exposure, which is consistent
with an earlier observation that
TAB3 was phosphorylated concom-
itantly with TAK1 activation (23).
We conclude that TAK1 activation
is through TAB3 action in TAB2-
deficient fibroblasts.

lation and degradation of IkB, and electrophoresis mobility
shift assay of NF-kB (Fig. 1C). The IKK-NF-kB pathway was
activated in response to TNF in control fibroblasts, whereas
activation of NF-«kB was reduced in TAB2-deficient fibroblasts.
We tested activation of JNK and NF-«B in six independent
control and TAB2-deficient clones, and we obtained similar
results in all clones. We also examined the level of NF-«B target
genes, A20 and monocyte chemotactic protein 1 (22) and found
that the mRNA levels were increased, but the levels of induction
were lower in TAB2-deficient fibroblasts compared with con-
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Dephosphorylation of TAK1 Is Impaired in TAB2-deficient
Fibroblasts—TAK1 is activated by autophosphorylation within
its activation loop at Thr-187 and other sites (13, 24). We have
previously identified that PP6 dephosphorylates these sites,
thereby inactivating TAK1 (8). Kim et al. (25) reported that
another type 2A family protein phosphatase PP2A dephosphor-
ylates these sites in some cell types. Therefore, dysregulation of
type 2A protein phosphatase-dependent dephosphorylation
could be the cause of prolonged activation of TAK1. To deter-
mine whether the prolonged activation of TAK1 is due to a
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FIGURE 3.TAB2is essential for TAK1-PP6 interaction. A, control (TAB2+/+)
and TAB2-deficient (TAB2—/—) fibroblasts were pretreated with 250 nm OA
for 4 h before TNF treatment (20 ng/ml). Activation of TAK1 was detected by
using anti-phospho-TAK1 (Thr-187) antibodies, and the total amounts of
TAK1 were determined using an anti-TAK1 antibody. Asterisks indicate non-
specific bands. B, TAB2+/+ and TAB2—/— fibroblasts were stimulated with
TNF (20 ng/ml), and proteins from cell lysates were immunoprecipitated (/P)
with an anti-PP6 antibody or control IgG. TAK1, TAB2, and RIP1 co-precipita-
tion was determined using anti-TAK1, anti-TAB2, and anti-RIP1 antibodies.

Ub-RIP1
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defect in dephosphorylation of TAK1, we pretreated control
and TAB2-deficient fibroblasts with okadaic acid (OA), a selec-
tive inhibitor of type 2 protein phosphatases, including PP6. OA
treatment strongly increased phosphorylated TAKI in control
fibroblasts, consistent with our previous report (8). We found
that the increased levels of phosphorylated TAK1 by OA treat-
ment was less pronounced in TAB2-deficient fibroblasts, and
OA treatment normalized the levels of TAK1 activation in con-
trol and TAB2-deficient fibroblasts (Fig. 3A4). The results sug-
gest that the prolonged activation of TAK1 in TAB2-deficient
fibroblasts might be due to a defect in type 2 protein phos-
phatase-mediated dephosphorylation of TAK1. Because we
observed interaction of PP6 with TAK1 in fibroblasts as shown
below, we focused on PP6.

Interaction between TAKI and PP6 Is TAB2-dependent—To
examine the mechanism by which TAK1 is dephosphorylated
in control fibroblasts, we first looked at the interaction between
endogenous TAK1 and PP6 (Fig. 3B and supplemental Fig. S2).
In control fibroblasts, TAK1 was co-precipitated with PP6.
However, in TAB2-deficient fibroblasts, PP6 association with
TAK1 was diminished (Fig. 3B and supplemental Fig. S2).
These results indicate that PP6 is associated with the TAK1
complex in a TAB2-dependent manner. RIP1 is known to be
ubiquitinated following TNF stimulation (5). Consistently, we
detected ubiquitinated RIP1 only in TNF-treated samples. A
small amount of unmodified RIP1 was nonspecifically precipi-
tated with control IgG; however, ubiquitinated RIP1 was spe-
cifically co-precipitated with PP6 following TNF stimulation in
control but not in TAB2-deficient fibroblasts (Fig. 3B). Interac-
tion of TAB2 with PP6 was also increased following TNF stim-
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ulation. TAB2 is a ubiquitin-binding protein and known to bind
to the RIP1-anchored polyubiquitin chain (6). Taken together,
we postulate that TAB2 recruitment of PP6 involves polyubiq-
uitin chains.

PP6 Interacts with Ubiquitin Chains—Next, we examined
whether PP6 interacts with polyubiquitin chains. Previous
studies have shown that TAB2 associates with the RIP1 Lys-63-
linked polyubiquitin chain, thereby recruiting TAK1 to the IKK
complexes (5, 6). Recently, not only Lys-63-linked but also
other types of polyubiquitin chains have been implicated in
TNF signaling (26). If PP6 is recruited to the TAK1 complex
through TAB2, PP6 might interact with polyubiquitin chains.
We exogenously expressed FLAG-tagged PP6 together with
wild type, K48R, and K63R mutated versions of HA-tagged
ubiquitin (Fig. 4, A and B). Overexpressed HA-Ub spontane-
ously forms polyubiquitin chains (Fig. 4, A and B, Whole cell
extracts). The wild type ubiquitin chain was co-precipitated
with PP6 (Fig. 44). We found that both mutant K48R and
K63R ubiquitin chains were co-precipitated with PP6 (Fig.
4B). We note that co-precipitated FLAG-PP6 migrated at a
position of at the anticipated protein size (Fig. 4A, top second
to right panel). Therefore, FLAG-PP6 was not covalently
modified by ubiquitin but interacted with the polyubiquitin
chains. We concluded that PP6 interacts with polyubiquitin
chains.

Interaction between TAK1 and PP6 Depends on Poly-
ubiquitin—To examine whether TAB2 mediates interaction of
TAKI1 with PP6 through a ubiquitin-dependent mechanism, we
utilized a truncated version of TAB2, TAB2ACUE, which is
lacking the CUE domain, one of the ubiquitin-binding domains
of TAB2 (15). We anticipated that full-length TAB2, but not
TAB2ACUE, facilitates interaction of TAK1 with PP6. We co-
expressed vectors for T7-TAK1, HA-TAB2 or HA-
TAB2ACUE, FLAG-PP6, and Myc-tagged wild type ubiquitin
in 293 cells. TAK1, TAB2, and polyubiquitin were co-precipi-
tated with PP6 (Fig. 4C). However, the interaction between
TAKI1 and PP6 was reduced in TAB2ACUE-expressing cells. In
a reciprocal experiment, PP6 and polyubiquitin were co-pre-
cipitated with TAK1 in a TAB2 CUE domain-dependent man-
ner (Fig. 4D). These indicate that TAB2 recruits PP6 to the
TAK1 complex through polyubiquitin chains. Finally, we
examined whether endogenous PP6 is recruited to polyubig-
uitin chains. Upon TNF stimulation, TNF receptor binds to
polyubiquitinated RIP1 and TRAF2/5, which recruit the
TAB2:-TAK1 complex. Therefore, if PP6 is recruited to the
TAK1 complex through polyubiquitin chains, PP6 should be
detected in the TNF receptor complex. We utilized a GST-TNF
fusion protein to isolate the TNF receptor complex (5). Control
and TAB2-deficient fibroblasts were stimulated with GST-
TNEF, and the proteins from the cell lysates were subjected to a
GST pulldown assay (Fig. 5A). PP6 and ubiquitinated RIP1 were
precipitated with GST-TNF in control fibroblasts. However,
PP6 was not detected in the TNF receptor complex in TAB2-
deficient fibroblasts. This suggests that PP6 is associated with
the TNF receptor complex through the TAB2-polyubiquitin
chains.
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FIGURE 4. Interaction between TAK1 and PP6 is polyubiquitin-dependent. A, 293 cells were transfected with expression vectors for FLAG-tagged PP6
(FLAG-PP6) and HA-tagged ubiquitin (HA-Ub). Cells were lysed, and proteins were immunoprecipitated (/P) with anti-FLAG antibody (left panels) or anti-HA
antibody (right panels). Immunoprecipitates and whole cell lysates were analyzed by immunoblotting with an anti-HA antibody and anti-FLAG. Asterisks
indicate nonspecific bands. B, 293 cells were transfected with expression vectors for FLAG-tagged PP6 (FLAG-PP6) and HA-tagged K48R or K63R mutant
ubiquitin. Cells were lysed, and proteins were immunoprecipitated with anti-FLAG antibody. Immunoprecipitates and whole cell lysates were analyzed by
immunoblotting with an anti-HA antibody and anti-FLAG. Asterisks indicate nonspecific bands. C, 293 cells were transfected with expression vectors for
T7-tagged TAK1 (T7-TAKT), FLAG-tagged PP6 (FLAG-PP6), Myc-tagged ubiquitin (Myc-Ub), and HA-tagged TAB2 (HA-TAB2) wild-type (WT) or the CUE domain-
lacking mutant (A). Cells were lysed, and FLAG-PP6 was immunoprecipitated with anti-FLAG antibody. Immunoprecipitates and whole cell lysates were
analyzed by immunoblotting with anti-T7, anti-HA, anti-Myc, and anti-FLAG antibodies. D, cell lysates were immunoprecipitated with anti-T7 antibody. The
immunoprecipitates and whole cell lysates were analyzed with anti-FLAG, anti-HA, anti-Myc, and anti-T7 antibodies.
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(5-7, 27). TAB2 and TAB3 can bind to ubiquitin through the
CUE domain (15) and bind to polyubiquitin chains through the
zinc finger domain (6), both of which are important for TAB2/
TAB3-mediated NF-«B activation. Multiple types of ubiquitin
chains participate in TNF signaling pathways. Lys-48-linked
ubiquitination of IkB targets it for degradation and induces
activation of NF-kB. Lys-63-linked ubiquitination of RIP1 is
important for TNF signaling, which tethers several signaling
molecules leading to activation of IKK-NF-«B (5). RIP1 is also
‘ modified with a Lys-48-linked ubiquitin chain and degraded at

, @ later time point after TNF stimulation, which is one of the neg-

e | RIP1 / ative feed regulatory mechanisms of TNF signaling (28).
Ubs Recently, a novel type of ubiquitin chain, a linear ubiquitin

FIGURE 5. PP6 is recruited to TNF receptor complex. A, control (TAB2+/+)  chain, has been identified as an essential mediator of TNF sig-

and TAB2-deficient (TAB2—/—) fibroblasts were left untreated or stimulated : _ tatail_li S PN
with GST-TNF (1 wg/ml) for 5 min. GST pulldown was performed, and the nalmg (29-31). The head-to-tail-linked ublqultm chain binds

precipitates were analyzed with anti-PP6 and anti-RIP1 antibodies. B, model. ~ tO and/or is formed on NEMO, which appears to play an impor-
tant role in IKK activation. TAB2 and TAB3 bind to the poly-

DISCUSSION ubiquitin chains of RIP1 (5) and can interact a linear ubiquitin

TAB?2 and its closely related protein, TAB3, have been iden-  chain of NEMO (31). Therefore, ubiquitin binding of TAB2 and
tified as essential molecules in TNF and IL-1 signaling path- TAB3 might mediate recruitment of TAK1 to both RIP1 and
ways. They recruit the TAK1 kinase complex to the TNF and NEMO. In this article, PP6 is identified as a ubiquitin-binding
IL-1 signaling complex that activates IKK-NF-«B and MAPK  protein, which is recruited to the TAK1 complex through
pathways through a ubiquitin chain-dependent mechanism TAB2. Therefore, ubiquitin binding of TAB2 participates not

TAB2+/+ TAB2-/-
GST-TNF 0 5 0 5 min

PP6 wia

RIP1| || " PolyUb-RIP1
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only in an assembly for activation complex but also in assembly
of deactivation signaling complex in TNF signaling pathway
(Fig. 5B).

We have found that activation of IKK-NF-«B was reduced in
TAB2-defieictent fibroblasts, whereas activation of JNK was
prolonged (Fig. 1). JNK activation was very much correlated
with the activity of TAK1, whereas IKK activation was dimin-
ished even though TAK1 was still activated. As described
above, TAB2 is likely to participate in recruitment of not only
RIP1 but also of the NEMO-IKK complex. Therefore, we spec-
ulate that TAB2 deficiency partly interrupts the close proximity
between TAK1 and the NEMO-IKK complex, thereby dimin-
ishing IKK activation. On the other hand, TAK1 is likely to
engage in an interaction with MAP2K-JNK pathway through a
polyubiquitin-independent mechanism as summarized in
Fig. 5B.

PP6 binds to polyubiquitin chains in overexpression experi-
ments (Fig. 4, A and B). However, the interaction of polyubiq-
uitinated RIP1 with PP6 is TAB2-dependent (Fig. 3B). Why
does endogenous PP6 not bind to the polyubiquitin chain of
RIP1 in TAB2-deficient fibroblasts? We speculate that TAB2
may be important to facilitate binding of PP6 to a polyubiquitin
chain under physiological conditions (Fig. 5B).

We observed that PP6 was constitutively associated with the
TAKI1-TAB2 complex (Fig. 3B and supplemental Fig. S2) and
that polyubiquitinated RIP1 was further recruited to
TAK1-TAB2-PP6 complex following TNF stimulation (Figs. 3B
and 5A4). We also showed that overexpressed PP6 bound to
polyubiquitin chains, and TAB2 facilitated interaction between
PP6-polyubiquitin chains and TAK1 (Fig. 4). Taken together,
we speculate that the TAK1-TAB2 complex is associated with
PP6 through polyubiquitin chains even in unstimulated cells
and that the polyubiquitin chains may be different in unstimu-
lated and TNF-stimulated cells. In TNF-stimulated cells, poly-
ubiquitinated RIP1 and TRAF2/5 are presumably the polyubig-
uitin chains for TAK1-TAB2:PP6 assembly. An unidentified
polyubiquitinated protein may function for the basal assembly
of TAK1-TAB2-PP6 in unstimulated cells. We assume that this
basal TAK1-TAB2-PP6 complex blocks TAKI activation and
that TAK1 is activated by switching polyubiquitin chains to the
TNEF-induced polyubiquitin chains.

We have demonstrated previously that TAK1 deletion
results in accumulation of reactive oxygen species and greatly
increases sensitivity to TNF-induced apoptosis (32, 33). Fur-
thermore, it has been shown that TNF-induced JNK and NF-«B
pathways are critically involved in cell death and survival (34—
37). Therefore, we have tested the TNF-induced cell death in
the TAB2-deficient fibroblasts. We have observed that all
clones of TAB2-deficient fibroblasts are hypersensitive to TNF-
induced apoptosis compared with the wild type fibroblasts.?
Because TAB2 deletion does not impair but rather activates
TAKI1 as shown in this article, the mechanisms by which TAK1
or TAB2 deletion causes hypersensitivity to TNF-induced apo-
ptosis are completely different. We show here that TAB2-defi-
cient fibroblasts induce less NF-«B but prolong activation of

3 P. Broglie, unpublished observation.
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JNK following TNF treatment. NF-kB is known to activate anti-
apoptotic genes, whereas prolonged activation of JNK is known
to be proapoptotic (34 -37). Taken together, we speculate that
the cause of TNF hypersensitivity in TAB2-deficient fibroblasts
is a combination of decreased NF-«B and prolonged activation
of JNK. Germ line deletion of TAB2 causes liver degeneration
involving cell death during embryogenesis. In fetal liver, TAB2
deficiency may cause hyperactivation of TAK1-JNK and less
effective activation of NF-«B resulting in cell death and liver
degeneration. Our results demonstrate that TAB2-dependent
deactivation of TAKI1 is important for TNF signaling, which
may be critically involved in cell survival.
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